Abstract This study investigates cognitive deficits and alterations in resting state functional connectivity in civilian mild traumatic brain injury (mTBI) participants with high and low symptoms. Forty-one mTBI participants completed a resting state fMRI scan and the Automated Neuropsychological Assessment Metrics (ANAM) during initial testing (<10 days of injury) and a 1 month follow up. Data were compared to 30 healthy control subjects. Results from the ANAM demonstrate that mTBI participants performed significantly worse than controls on the code substitution delayed subtest (p= 0.032) and weighted throughput score (p=0.001). Among the mTBI patients, high symptom mTBI participants performed worse than those with low symptoms on the code substitution delayed (p=0.017), code substitution (p=0.012), repeated simple reaction time (p=0.031), and weighted throughput score (p=0.009). Imaging results reveal that during the initial visit, low symptom mTBI participants had reduced interhemispheric functional connectivity (IH-FC) within the lateral parietal lobe (p=0.020); however, during follow up, high symptom mTBI participants showed reduced IH-FC compared to the control group within the dorsolateral prefrontal cortex (DLPFC) (p = 0.013). Reduced IH-FC within the DLPFC during the follow-up was associated with reduced cognitive performance. Together, these findings suggest that reduced rs-FC may contribute to the subtle cognitive deficits noted in high symptom mTBI participants compared to control subjects and low symptom mTBI participants.
Introduction
Traumatic brain injury (TBI) accounts for 1.7 million hospitalizations in the United States each year (Faul et al. 2010) . Seventy-five percent of these injuries are diagnosed as mild TBI (mTBI) which is characterized by a Glasgow Coma Scale (GCS) between 13 and 15 (Centers for Disease Control and Prevention (CDC) 2003) . In most cases, somatic and cognitive symptoms resolve within the first few months following injury. Common deficits include impaired working memory (McAllister et al. 2006; McDowell et al. 1997; Miotto et al. 2010 ) and reduced information processing speed (Hillary et al. 2010; Johansson et al. 2009 ). Furthermore, a subset of these participants will continue to suffer from somatic symptoms and cognitive deficits indefinitely, a condition referred to as post concussive syndrome (PCS). This leads us to question whether those participants who develop PCS have unique cognitive deficits compared to both controls and mTBI participants without PCS.
There has been a recent emphasis in clinical research to use computerized cognitive batteries to measure cognitive impairments in various patient populations. Computerized cognitive assessments are more clinically feasible than traditional neuropsychological assessments because they can be administered and scored quickly by a trained examiner. In addition, computerized assessments have the advantage of being able to detect subtle changes in processing speed. However, while computerized cognitive assessments do have many advantages over traditional neuropsychological assessments, it is crucial to note that there are some drawbacks to these assessments. For example, there is greater variability in effort in taking the exam as well as the additional complication of new technologies that may be challenging to older participants. However, in spite of the drawbacks, computerized assessments do provide an effective means to capture various metrics relevant to our understanding of many aspects of cognition. One example of a computerized battery is the Automated Neuropsychological Assessment Metrics (ANAM) ), where there is strong concordance between the measures of the ANAM and results of traditional neuropsychological assessments especially in the domains of processing speed, working memory, memory, and attention (Bleiberg et al. 1997; Kabat et al. 2001) . This concordance renders the ANAM well suited for studies assessing cognitive deficits associated with TBI and other neurological disorders.
The ANAM has been effective in detecting cognitive deficits in multiple participant populations including multiple sclerosis (Pellicano et al. 2013 ), Alzheimer's Disease (Levinson et al. 2005) , and Parkison's Disease (Hawkins et al. 2012) . With respect to TBI, the ANAM has been most widely used with military populations (Ivins et al. 2009; Roebuck-Spencer et al. 2012; Vincent et al. 2008; Vincent et al. 2012) or sports concussions (Brown et al. 2007; Gysland et al. 2012) . Based on this previous research, we selected the ANAM to assess deficits and possible recovery of cognitive performance in a civilian mTBI population.
It is currently difficult to predict who will go on to continue to suffer from cognitive symptoms as CT findings and conventional MR findings largely tend to be negative among this population. For example, one of the hallmarks of mTBI is diffuse axonal injury (DAI), the widespread damage to axonal structure throughout the brain as a result of strong shearing forces involved in the trauma. Unfortunately, DAI is often missed by CT and conventional MR imaging (Iverson et al. 2000 ; Lee et al. 2008) . However, recent advances in MR imaging are able to characterize functional and structural alterations induced by mTBI which may aid the clinicians in accurate diagnosis and assist in the prediction of participant outcome following mTBI. Since this injury is diffuse in nature, it is likely that white matter connections across the brain will be disrupted. Recently, diffusion tensor imaging (DTI) has shown great promise in characterizing the structural damage to white matter tracts induced by DAI. Commonly damaged regions following mild TBI include the corpus callosum (Bazarian et al. 2007; Kumar et al. 2009; Mayer et al. 2010; Warner et al. 2010) , internal and external capsule (Arfanakis et al. 2002; Bazarian et al. 2007) , and cingulum bundles (Mac Donald et al. 2011 ) (See (Aoki et al. 2012 ) for a meta-analysis of DTI studies in mTBI). Therefore since many previous studies have reported damage to the corpus callosum following mTBI, our goal was to specifically assess if this reported damage to structural connections between the two hemispheres would have an effect on the large-scale functional networks involved in cognitive and sensory processing. Since resting state functional Magnetic Resonance Imaging (rsfMRI) has the ability to address questions regarding functional connections between disparate regions determining efficiency and strength of neuronal networks (van den Heuvel and Hulshoff Pol 2010), we selected to examine resting state functional connectivity (rs-FC) in our civilian mTBI participants. While previous evidence suggests that rs-FC is reduced following mTBI including within the Default Mode Network (DMN) (Johnson et al. 2012b; Mayer et al. 2011; Zhou et al. 2012 ) and the Task Positive Network (TPN) (Mayer et al. 2011; Shumskaya et al. 2012) , we specifically chose to focus on inter-hemispheric functional connectivity (IH-FC) and its association with cognitive deficits as measured using the ANAM. Recent reports demonstrate reduced IH-FC among TBI participants following severe TBI (Marquez de la Plata et al. 2011) , as well as sports related mTBI (Slobounov et al. 2011) . Furthermore, damage to the corpus callosum as measured by magnetic resonance spectroscopy (1H-MRS) was found to be associated with reduced IH-FC in a population of mTBI participants (Johnson et al. 2012a ). Similar to the aforementioned studies, we chose to examine IH-FC within the dorsolateral prefrontal cortex (DLPFC), the thalamus, lateral parietal lobe, and medial temporal lobe (MTL). We selected the DLPFC for its role in attention and executive processing, the thalamus because of its role in the brain as a 'relay system for modulating in sensory processing, the lateral parietal lobe which is part of the DMN (a network often associated with cognitive performance (Hampson et al. 2006) ), and the MTL for its role in memory consolidation.
Our aim is to investigate the associations between ANAM measures and IH-FC during the initial stage and 1 month following injury in a civilian mTBI population. We hypothesized that mTBI participants will perform worse than a control population on the ANAM and that this performance will be associated with reduced IH-FC. Furthermore, we hypothesized that mTBI participants with a higher number of post concussive symptoms will perform worse on the ANAM and show greater reductions in functional measures compared to those with low symptoms and controls.
Materials and methods

Participants
Forty-one consecutive mTBI participants (43.7+/−17.0 year, 30 M) were prospectively recruited from the Adam Cowley Shock Trauma Center at the University of Maryland Medical Center as part of a larger protocol using a combination of advanced MR imaging and neuropsychological assessments, including the ANAM ). For each visit, all MR imaging and neuropsychological assessments were performed on the same day. Data from the 1 month follow up of a subset of these participants (N=13) was included in a previous publication investigating the association between memory problems and rs-FC within the DMN and TPN (Sours et al. 2013) . Thirty neurologically intact subjects (38.7+/−18.1 year, 16 M) served as a control population. All participants were over the age of 18. Participants were screened and excluded for history of neurological and psychiatric illness, history of stroke, history of brain tumors or seizures, and contraindications to MR. In addition, control participants were screened and excluded for history of any TBI (mild, moderate or severe). mTBI participants were screened and excluded for any history of moderate or severe TBI. Seven mTBI participants (3 classified as low symptoms and 4 classified as high symptom) reported previous mild "concussions" but none of which occurred in the past 10 years. Only those mTBI participants with an admission GCS of 13-15 and mechanism of injury consistent with trauma were included in this study. In addition, participants were included based on one of two sets of criteria: (1) positive head CT or (2) loss of consciousness and/or amnesia and evidence of facial trauma consistent with TBI. Based on the inclusion criteria, this study included participants classified as complicated mTBI (positive head CT) and uncomplicated mTBI (negative head CT). Mechanisms of injury included 10 motor vehicle accidents, 8 assaults, 7 ground-level falls, 7 bicycle accidents, 3 sports related accidents, 2 above ground-level falls, 2 accidents of other mechanisms, and 2 accidents of unknown mechanism. The average GCS of the participants was 14.7, and 9 out of the 41 mTBI participants (22.0 %) had evidence of injury based on the clinical CT as read by a board certified trauma radiologist (K.S.). Based on the clinical CT, on four of these participants there were small cortical contusions, four participants had subarachnoid hemorrhage and two of them had subdural hematomas (one participant had a small contusion and subarachnoid hemorrhage). Since conventional MR imaging (T1, T2, FLAIR, and SWI) is more sensitive than conventional CT for detecting subtle abnormalities (Yuh et al. 2013 ) our radiologist also examined the conventional MR images. MRI was positive on two participants who did not exhibit trauma related injuries based on conventional CT. These findings included a small cortical contusion, and one case of subarachnoid hemorrhage. This results in a study population containing 11 participants (27 %) with either positive CT or positive MR findings.
All 41 mTBI participants participated in the rs-fMRI and neuropsychological assessments at the initial stage within 10 days post-injury (mean 7.7+/−2.4 days), and the 1 month follow up (mean 36.0+/−8.2 days). Control participants completed one imaging session; however, control participants completed the neuropsychological assessments at two time points approximately 6 months apart to account for both testretest reliability and practice effects.
Due to participant motion during rs-fMRI (greater than 3 mm translation or 3°rotation), rs-fMRI data from 3 control subjects, 5 mTBI participants (2 in the low symptom group/3 in the high symptom group) at the initial stage, and 1 mTBI participant (high symptom group) at the 1 month follow up was excluded from analysis. Therefore, the analysis presented is based on data from 27 control subjects, 36 mTBI patients at the initial stage and 40 mTBI patients at the 1 month follow up. Based on the recent evidence that rs-FC measures are highly impacted by motion (Power et al. 2012) , in addition to excluding participants with excess motion, additional analysis of motion parameters was performed. To assess whether motion had a significant role, at each time point, average motion for each of the 6 motion parameters between the three groups (control, high symptom, and low symptom) were compared using ANOVAs.
Data was further analyzed to assess the difference in ANAM performance and imaging measures between mTBI participants with high and low levels of post concussive symptoms. The level of post concussive symptoms was determined by the scores obtained on the Modified Rivermead Post-Concussion Symptoms Questionnaire (RPQ) during the 1 month follow up. The RPQ asks participants to rate a series of common symptoms following TBI on a scale of 0-4 (King et al. 1995) . The International Classification of Disease tenth revision (ICD10) symptom criteria defines PCS as the presence (self-report rating>0) of three or more of the following symptoms: headaches, dizziness, sleep, trouble concentrating, fatigue, memory problems, and irritability lasting longer than 3 months following injury (World Health Organization 2010). However, since the participants in this study were evaluated at less than 3 months post injury and do not satisfy all of the criteria for PCS as established in the DSM-IV-TR criteria, we will refer to them as high symptom group (three or more of the above RPQ symptoms) and low symptom group (less than three of the above RPQ symptoms) at the 1 month follow up. Therefore, for further analysis, the mTBI participant group was subsequently divided into two cohorts consisting of a high symptom group (n=26) and a low symptom group (n=15) based on the RPQ. See Table 1 for demographics for participant populations.
Neuropsychological assessment
All participants underwent neuropsychological assessment at each time point. Level of cognitive functioning was assessed by the administration of the Mini Mental State Exam (MMSE) (Folstein et al. 1975) and Military Initial Concussion Evaluation (MACE) (McCrea et al. 2000) . Participant outcome was determined at the 1 month follow up by the Glasgow Outcome Scale Extended (GOSE) (Teasdale et al. 1998) and Disability Rating Scale (DRS) (Gouvier et al. 1987 ). In addition, the total score on the RPQ was determined and used as an overall measure of self-reported symptoms. Furthermore, the symptoms were divided into three broad classes including cognitive, somatic and neuropsychological (Dischinger et al. 2009 ). Total score in each symptom class was assessed.
ANAM battery
The ANAM battery selected for this study consists of seven subtests assessing processing speed, working memory, memory, and attention. The ANAM subtests have been described in detail in a previous publication (Reeves et al. 2006 ). See Table 2 for a list of subtests, abbreviations, and cognitive domains assessed by ANAM.
The ANAM records reaction time and accuracy for each subtest, as well as a throughput score to arrive at a single measure encompassing both accuracy and reaction time. The exception to this is that the accuracy of the SRT and SRT2 subtests (simple reaction time tests) is set by default to 100 %; therefore, the throughput scores for these two subtests represent only a measure of reaction time. The throughput score is a ratio between the number of correct answers and overall reaction time and has been shown to have greater sensitivity and reduced variability compared to reaction time or percent correct alone (Thorne 2006) . Specifically the ANAM calculates the throughput score as the number of correct responses per the total time that the participant took to respond each time the stimulus appeared on the screen for each of the subsets (number correct response/minute) (Ivins et al. 2009 ). A higher throughput score indicates a faster, more accurate performance. Finally, a weighted throughput (WT-TH) was computed (previously referred to as the Index of Cognitive Efficiency), which is a weighted summary of the throughput scores from each of the subtests (Reich et al. 2005) . The weighting was done so that the throughput score from each subtest contributed equally to the overall score. The precise equation used in this analysis is:
Mood and fatigue will also have an influence on cognitive performance (Reeves et al. 2007 ). Therefore, in addition to completing the cognitive portion of the ANAM, participants also completed the Sleepiness Index Scale and the Mood Scale portions of the ANAM battery. The Sleepiness Scale is a self reported measure of fatigue based on a 7-point scale (1-7 with higher values representing increased fatigue). The Mood Scale details a selfreported measure of mood based on a 7-point scale (0-6 with higher values representing increased strength of emotion) for vigor, restlessness, depression, anger, fatigue, anxiety, and happiness. Results for the Sleepiness Index Scale and the Mood Scale are reported as mean score for each representative group.
MR imaging
MR image acquisition
Imaging was performed using a 3 T Siemens Tim Trio Scanner (Siemens Medical Solutions; Erlangen, Germany) using a 12-channel receive only head coil. A high resolution T1-weighted-MPRAGE (TE=3.44 ms, TR=2250 ms, TI=900 ms, flip angle=9º, resolution=256×256×96, FOV=220 mm, sl. Thick. = 1.5 mm) was acquired for anatomic reference. Resting state fMRI was obtained using a T2*-weighted images using a single-shot EPI sequence (TE=30 ms, TR =2000 ms, FOV= 220 mm, resolution=64×64) with 36 axial slices (sl. thick. = 4 mm) over 5 min 42 s that yielded 171 volumes.
Rs-fMRI processing
Preprocessing of the imaging data was performed in SPM 8 (http://www.fil.ion.ucl.ac.uk/spm). Preprocessing included motion correction of the time series, slice timing correction, band pass filtering (.009Hz<f<.08Hz), and registration of all the 171 volumes to the first volume of the time series. The resting state series were then registered to the individual's T1-MPRAGE images and spatially normalized to standard space using the Montreal Neurological Institute (MNI) template available in SPM 8. The data was resampled to a spatial resolution of 2.0 mm isotropic. Spatial blurring was then applied to the resting state data using a 6 mm Gaussian kernel. Individual T1-MPRAGE images in MNI space were segmented into white matter (WM), gray matter (GM) and cerebral spinal fluid (CSF) using SPM8. The segmented masks thus created were used to account for time series variance from the non-neuronal contributions of CSF and WM.
The CONN-fMRI Functional Connectivity toolbox v13.h (http://www.nitrc.org/projects/conn/) was used to process the resting state data (Whitfield-Gabrieli and Nieto-Castanon 2012) The mean Blood Oxygen Level Dependent (BOLD) signal time series from the WM mask, CSF mask, and the 6 (−20, −12, −20) and (22, −12, −20) , and 10 mm spheres in the DLPFC centered at (−42,34,20) and (44,36,20) on the MNI template (Fig. 1) . The mean BOLD time series from the left ROI of each region was extracted and correlated with the time series of each voxel of the entire brain. Correlations were converted to normalized z-scores within the CONN-fMRI Functional Connectivity toolbox prior to further analysis. The average z-score of all voxels with the right ROI was extracted using the Rex toolbox within SPM to measure of IH-FC for the DLPFC, thalamus, lateral parietal and MTL. To visualize alterations in IH-FC, within group functional connectivity maps were created by using the average time series of the left hemisphere seed for the DLPFC, thalamus, lateral parietal, and MTL. Within group functional connectivity maps were thresholded at voxel-wise p-value of 0.001 (uncorrected) and cluster extent threshold of p-value of 0.001 using a family wise error correction for multiple comparisons. To test for voxel-wise difference in rs-FC between the three groups, between group functional connectivity maps were calculated using the average time series of the left hemisphere seed for the DLPFC, thalamus, lateral parietal, and MTL and were thresholded at voxel-wise p-value of 0.001 (uncorrected) and cluster extent threshold of p-value of 0.05 using a family wise error correction for multiple comparisons.
Statistical analysis
Statistical analysis was performed using SPSS (SPSS Inc. Released 2007. SPSS for Windows, Version 16.0. Chicago, SPSS Inc). Group differences in demographic data, Sleepiness Index Scale, and Mood Scale were tested using independent ttests (either between controls and mTBI participants or between high symptom mTBI and low symptom mTBI). Within the control group, paired t-tests were used to determine within subject variability or practice effects for each ANAM subtest. A two-way mixed-design analysis of covariance (ANCOVA) model, which took into account age, and years of education was used to compute group differences in ANAM throughput scores. We included the two visits as a repeated measures within subject variable and group as the between subjects variable. We repeated the ANCOVA for both control versus mTBI and high symptom mTBI versus low symptom mTBI.
To determine differences in IH-FC we used a separate OneWay ANCOVA accounting for differences in age between groups at each time point to assess group differences between control, high symptom mTBI, and low symptom mTBI. Fisher's least significant difference (LSD) test was used to correct for multiple comparisons.
Pair-wise associations within the mTBI population between IH-FC and WT-TH were calculated using Pearson's partial correlations correcting for age and years of education at each time point (initial and 1 month follow ups separately).
In an additional exploratory analysis we investigated pair-wise associations between IH-FC in different regions and each of the individual ANAM subtests using Pearson's partial correlations correcting for age and years of education at each time point. Correlations shown are uncorrected for multiple comparisons.
Results
Participants
There was no difference in age (p=0.24) or education (p= 0.19) between mTBI participants and control subjects; however there was a trend in gender with mTBI participants having a greater percentage of males (p=0.086) ( Table 1) . There was no difference in age (p=0.627), gender (p=0.146), education (p=0.090) or GCS between high symptom and low symptom mTBI. There was no significant difference in percentage of mTBI participants with intracranial bleed seen by CTs between the high and low symptoms mTBI groups (p= 0.590). There was a significant difference between the mTBI groups in time since injury at the initial time point, with the average time delay in testing being longer for high symptom group post-injury (8.23d +/−2.07) than for the low symptom group (6.67d +/−2.58; p=0.04). Time since injury at the initial time point was not significantly different between the two mTBI groups (p=0.11).
Neuropsychological assessment
There was a significant difference in performance on the MMSE between mTBI participants and controls at the initial time point (p=0.003), but not at the 1 month follow up (p= 0.389) ( Table 1 ). There was a trend towards reduced performance among the mTBI participants on the mental status section of the MACE at the initial (p=0.053) and 1 month follow up (p=0.099). We observed no significant difference on the MMSE or MACE between high and low symptom mTBI participants at either time point. However, there was a significant difference in participant outcome measures of GOSE and DRS with the high symptom mTBI participants demonstrating reduced GOSE score (p=0.026) and increase DRS score (p=0.010). As predicted, the high symptom mTBI participants scored higher on self-reported symptoms for all three symptom domains, cognitive, somatic and neuropsychological (all p values <0.01 for initial and p <0.001 for 1 month follow up) (see Table 3 ).
The results of the analysis of the Mood Scale during the initial visit suggests that compared to control subjects, mTBI participants tended to report reduced vigor and happiness and increased restlessness, depression, and anxiety. At the 1 month follow up, mTBI participants report increased restlessness, depression, and anxiety. No differences between the groups were noted on the Sleep Index score. During the initial visit, the high symptom mTBI participants reported reduced vigor and increased restlessness. At the 1 month follow up, high symptom mTBI participants continued to report reduced vigor and but also happiness. At both time points high symptom mTBI participants report an increased Sleep Index score suggesting increased fatigue among these participants (Table 4) .
ANAM battery
No significant noted differences in performance on any of the ANAM subsets or WT-TH between the two visits (all p values>0.05) were among the control group suggesting no practice effects on the ANAM over a 6 months follow up period.
ANAM performance (as measured by the WT-TH at the initial stage) was negatively correlated with age (R=−0.625, p<0.001) and years of education (R=0.291, p=0.015); therefore, age and years of education were included as covariates in analysis of ANAM measures. Based on the results of the two-way mixed-design ANCOVA, MTBI participants performed significantly worse than control subjects on the CSD (p=0.032) and WT-TH (p=0.001) ( Table 5 ). In addition, there was a non-significant trend in the within subjects factor (between visits) for the MTS subtest (p=0.064) suggesting an improvement in performance of this subtest between visits. Furthermore, results between high symptom and low symptom mTBI participants demonstrate that high symptom mTBI participants perform worse than the low symptom mTBI participants on the CSD (p=0.017), CS (p= 0.012), SRT2 (p=0.031), and WT-TH (p=0.009). In addition, both the mTBI groups demonstrated recovery in the MTS (p= 0.034) and CSD (p=0.025) performance between the initial and 1 month follow ups (Table 6 ). None of the interaction terms between any of these subsets were significant.
IH-FC
Based on the results of the one-way ANCOVA, there was no difference among the three groups (control, high symptom mTBI and low symptom mTBI) in IH-FC in DLPFC (F= 1.411, p=0.252), thalamus (F=1.002, p=0.374), or MTL (F= 1.035, p=0.361) during the initial visit. However, based on the results of the one-way ANCOVA, there was a significant difference between the three groups in the lateral parietal lobe (F=3.517, p=0.036). Post-hoc tests revealed low symptom mTBI participants had significantly lower IH-FC within the lateral parietal lobe compared to the control group (p=0.020).
There was also a trend in reduced IH-FC in the high symptom mTBI group compared to the control group (p =0.052) (Fig. 2a) . At the 1 month follow up, there was a significant group difference between the three groups in IH-FC in the DLPFC (F=3.759, p=0.029) but not in the thalamus (F=1.517, p= 0.288), MTL (F=1.908, p=0.157), or the lateral parietal lobe (F=2.041, p=0.138). Post-hoc tests revealed that high symptom mTBI participants have reduced IH-FC in the DLPFC compared to control subjects (p =0.013), while there is only a trend in reduced IH-FC in low symptom mTBI participants when compared to control subjects (p=0.061) (Fig. 2b) .
Between group functional connectivity maps
There were no regions of significant differences in rs-FC for the DLPFC or MTL between any of the groups at either time point. During the initial visit, an increased connectivity between the left lateral parietal in the control group compared to the high symptom group was observed in the left orbitofrontal cortex (Fig. 3a) . Increased connectivity was noted between the left lateral parietal in the control group compared to the low symptom group in the right lateral parietal (Fig. 3b) . No differences in functional connectivity with the left lateral parietal lobe were noted between the high symptom group and low symptom group. Interestingly, at the 1 month follow up, increased functional connectivity between the left thalamus and cortical regions including the right insula, right primary somatosensory cortex, and right somatosensory association area was observed in the high symptom group compared to the low symptom group (Fig. 4) .
FMRI motion analysis
Comparison of average motion parameters for each of the groups at each time point are shown in Supplemental Figure 1 . Significant difference in the average translation in the y direction (F=3.35, p=0.042) was observed during the initial visit. There were no statistically significant differences in the average motion parameters between the three groups during the 1 month time point. However, in order to further ensure that results reported in regards to differences in IH-FC between the three groups are not effected by this y-direction translation, a Based on results of the two-way mixed-design ANCOVA which included the two visits as a repeated measures within subject variable and group (high symptom vs low symptom) as the between subjects variable. Age and years of education were included in the model as covariates Fig. 2 ROI analysis of group differences in interhemispheric functional connectivity (IH-FC) within the dorsolateral prefrontal cortex (DLPFC), thalamus, lateral parietal lobe, and medial temporal lobe (MTL). a Initial stage (b) 1 month follow up. Significance assessed using separate OneWay ANCOVA accounting for differences in age between groups at each time point to assess group differences between control, high symptom mTBI, and low symptom mTBI. Fisher's least significant difference (LSD) test was used to correct for multiple comparisons. # p <0.10, * p <0.05
Pearson's correlations between the translation in the y direction and the IH-FC determined for each region were calculated. There were no significant correlations between IH-FC and translation in the y direction. Scatter plots for correlations are shown in Supplemental Figure 2 .
Correlations between imaging and ANAM There were no significant correlations noted between IH-FC and ANAM WT-TH score within the control group or the mTBI participants at the initial stage. However, at the 1 month follow up, mTBI participants demonstrated significant positive correlations between the IH-FC within the DLPFC and the WT-TH (R=0.438, p=0.010) (Fig. 5 ). In the exploratory investigation looking into associations between IH-FC and the individual subtests, mTBI patients demonstrated significant positive correlations between the IH-FC within the parietal lobe and the MATH throughput score (R=0.448, p=0.010) and IH-FC within the DLPFC and the MTS throughput score (R=0.395, p=0.025) during the initial visit. Positive correlations were found between the IH-FC within the DLPFC and the MATH throughput score (R=0.335, p=0.040) during the 1 month follow up.
Discussion
This study demonstrates that the ANAM is able to detect subtle changes in neurocognitive performance following mTBI, and that IH-FC is a sensitive measure to distinguish high symptom mTBI participants from a control population.
The results of our study lead to three main conclusions regarding mTBI and cognitive performance. First, as a whole, mTBI participants perform worse on measures of cognitive performance, specifically demonstrating deficits in short-term memory as measured by reduced performance on the CSD subtest. However, high symptom mTBI participants also noted unique deficits in measures of information processing and increased levels of cognitive fatigue as measured by reduced performance in the CS and SRT2 subtests respectively. Second, mTBI participants exhibited reduced IH-FC in the lateral parietal lobe in the initial stage, but reduced IH-FC in the DLPFC during the 1 month follow up. Finally, during the 1 month follow up, an association between the reduced IH-FC within the DLPFC and impaired cognitive performance on the ANAM was observed suggesting an association between imaging measures and cognitive performance in mTBI participants.
Neurocognitive performance
Results from this study demonstrate that as a whole mTBI participants have significantly lower scores on the CSD subtest as well as the WT-TH. MTBI participants often report deficits in both sustained attention (Maruishi et al. 2007 ) and working memory McDowell et al. 1997; Miotto et al. 2010 ), hence it is not surprising that mTBI participants in this study would show deficits in the CSD subtest which assess these cognitive domains. Furthermore, because the cognitive deficits following mTBI are often subtle, the WT-TH score may be an ideal measure to determine cognitive impairment following mTBI as it encompasses several aspects of the cognitive measure.
Results from the ANAM demonstrate that in addition to deficits in overall performance and memory, high symptom mTBI participants also have deficits in processing speed and visual attention as indicated by reduced performance on the CS subtest. In addition, high symptom mTBI participants performed worse on the SRT2 subtest, which is administered towards the end of the computerized tests to obtain a measure of cognitive fatigue. Reduced information processing is a Fig. 3 Visualization of the between group functional connectivity maps for the left lateral parietal ROI during the initial visit. Warm colors represent regions of increased rs-FC in the control group compared to (a) the high symptom mTBI group and (b) the low symptom mTBI group. Functional connectivity maps were thresholded at voxel-wise p-value of 0.001 (uncorrected) and cluster extent threshold of p-value of 0.05 using a family wise error correction for multiple comparisons. Results are overlaid on the MNI template common symptom following mTBI (Johansson et al. 2009) , and may contribute to the cognitive fatigue noted on the high symptom mTBI participants in this study. Further, this is supported by other neuroimaging studies that have demonstrated that mTBI participants have increased activations during cognitive tasks indicating that mTBI participants must put forth greater mental effort to complete tasks, contributing to greater cognitive fatigue (McAllister et al. 2001) . There are noted differences in the self reported Mood and Sleepiness Index Scales between the high symptom and low symptom groups. Since cognitive performance may be influenced by mood and levels of fatigue the results of this study must be interpreted in the context of this limitation.
It is important to note that recent research has raised concerns that the ANAM fails to detect cognitive deficits in mTBI participants when assessed at greater than 10 days post injury (Coldren et al. 2012 ). While our results do demonstrate minimal cognitive deficits in the mTBI group within the 1 month post injury time frame with only reduced performance in the CS subtest, our results do show multiple cognitive deficits in mTBI participants who report high symptoms compared to those with low symptoms. This suggests that while the ANAM may not be sensitive enough to detect all of the subtle cognitive deficits associated with a mild head injury, the ANAM does appear sensitive enough to detect deficits present in mTBI participants with high symptoms.
IH-FC
MTBI has been shown to reduce rs-FC in multiple networks including IH-FC (Slobounov et al. 2011 ) the TPN (Mayer et al. 2011; Shumskaya et al. 2012) , and the DMN (Johnson et al. 2012b; Mayer et al. 2011; Zhou et al. 2012 ), but simaltaneously increase rs-FC between network (Mayer et al. 2011; Sours et al. 2013) . Our results are consistent with these findings of reduced IH-FC. For example, our results extend those of Slobounov and colleagues who noted reduced IH-FC in the DLPFC networks in the initial stage (around 10 days post injury) in a population of concussed athletes. Although, unlike Slobounov and colleagues, our data did not show reduced IH-FC within the MTL (or hippocampal network), based on our ROI analysis, our data does show reduced IH-FC within the lateral parietal lobe during the initial stage. This reduction in IH-FC within the lateral parietal lobe was confirmed by our between group rs-FC map during the initial visit (Fig. 3b) . Once the lateral parietal lobes in both hemispheres are main nodes of the DMN, this finding is consistent with previous studies noting reduced rs-FC within the DMN (Johnson et al. 2012b; Mayer et al. 2011; Zhou et al. 2012) . Furthermore, these results suggest that the temporal pattern of altered rs-FC may vary among networks across the brain, with the lateral parietal lobe (associated with the DMN) Fig. 5 Correlations between rs-FC and weighted throughput scores of the ANAM (WT-TH) during the 1 month follow up in mTBI participants only. Scatter plot between IH-FC DLPFC and WT-TH. Significance assessed Pearson's partial correlations correcting for age and years of education Fig. 4 Visualization of the between group functional connectivity maps for the left thalamus ROI during the 1 month follow up. Warm colors represent regions of increased rs-FC in the high symptom mTBI group compared to the low symptom mTBI group. Functional connectivity maps were thresholded at voxel-wise p-value of 0.001 (uncorrected) and cluster extent threshold of p-value of 0.05 using a family wise error correction for multiple comparisons. Results are overlaid on the MNI template showing some recovery by the 1 month follow up while alterations in the DLPFC IH-FC do not.
The combination of the findings from the study in athletes and those from this study on civilian mTBI appear to suggest that the changes in resting state networks are present across the first month following injury. Furthermore, once the reduction in IH-FC within the DLPFC at the 1 month follow up is associated with reduced performance on the ANAM, this may indicate that the alterations noted by Slobounov and colleagues in IH-FC may still be present at 1 month following injury. This finding stresses the importance of future studies to longitudinally assess functional changes in mTBI participants and to examine how these changes are associated with post concussive symptoms and cognitive performance.
While other groups have found alterations in thalamic functional connectivity following mTBI (Tang et al. 2011) , our participants did not demonstrate altered IH-FC within the thalamus. However, similar to previous results, our between group rs-FC maps do demonstrate increased rs-FC between the thalamus and the cortex, in the high symptom mTBI group compared to those with low symptoms (Fig. 4) . Since many of the post concussive symptoms are somatic in nature, it is intriguing that those with more symptoms have increased thalamo-cortical connectivity. In addition, the thalamus consists of multiple nuclei with connections to various regions of the cortex and is, therefore, not a homogeneous structure. Further analysis is needed to determine if rs-FC within the thalamo-cortical connections of specific thalamic nuclei is altered, and how these alterations are associated with both cognitive performance as measured by the ANAM and somatic symptoms as well.
Limitations
One of the main limitations of this study is that mTBI participants were not followed into the chronic stages of injury. Alterations in rs-FC following TBI have been noted in the chronic stage, and it will be important to determine in the future how these functional alterations are associated with cognitive performance as measured by the ANAM. Another potential limitation is that the mTBI population in this study contains complicated and uncomplicated mTBI participants. Although there was no significant difference in percentage of positive CT and/or MRI participants in the high symptom group compared to the low symptom group, it is possible that the sequalae of injury among complicated mTBI participants may differ from the uncomplicated mTBI participants. It should be noted that the grouping of participants was driven by post concussive symptoms and that the resulting difference in the distribution of complicated mTBI participants into the two groups was not significant.
An additional limitation is that our results are based upon a single cognitive assessment, the ANAM. While there is no ideal test for assessing mTBI, and every available computerized assessment has its advantages and disadvantages, we believe that the ability of the ANAM to detect such subtle changes in cognitive performance in the mTBI population makes it a useful tool in mTBI research in the civilian population. A final limitation is that in the initial stage, mTBI with high symptoms were scanned at a later time point since injury than those with low symptoms (8 days compared to 6 days). However, since the majority of the differences between the two populations persist into the 1 month follow ups when there was no difference in time when the imaging and ANAM data was obtained since injury, we do not believe that this difference in the timing of the initial stage scan had an impact on our results. While the results of this study are compelling, given the fact that MTBI is a very heterogeneous injury, generalization of the results to the mTBI population must be treated with caution prior to verifying the findings of this study on a larger set of mTBI patients from multiple centers.
Conclusions
In conclusion, our results demonstrate that the ANAM is able to detect subtle cognitive deficits in a civilian mTBI population in the early stages of injury as well as able to detect specific cognitive deficits indicating reduced processing speed and increased cognitive fatigue in mTBI participants suffering from extensive post concussive symptoms. Furthermore, our data demonstrate that the reduction in overall cognitive performance noted in mTBI participants is associated with altered communication between neural networks as measured by reduced IH-FC of the DLPFC. These results stress the importance of monitoring the recovery of mTBI with both extensive cognitive evaluations and advanced neuroimaging methods to aid in the development of better prognostic markers for post concussive syndrome.
